Background
Leptospirosis is an infectious disease caused by several species of pathogenic Leptospira. [1] [2] [3] The disease commonly presents with nonspecific symptoms including fever, headache, muscle-aches and conjunctivitis. However, symptoms can vary widely; while some studies suggest a high prevalence of subclinical infection, [4] [5] [6] [7] 5-10% of symptomatic disease involves severe complications including liver or kidney dysfunction, pulmonary hemorrhage or cardiovascular collapse. [8] [9] [10] [11] Although pathogen virulence factors may contribute to some differences in clinical presentation, 1 the diversity of the disease presentation and course suggests that immune response factors play a role in modulating susceptibility to or severity of leptospirosis.
Little is known about the host immune response to leptospirosis. Elevated serum levels of the cytokine TNFa have been noted in some cases of severe leptospirosis. 12 Furthermore, degraded leptospires detected within macrophages by histopathology (personal communication, S Zaki, Centers for Disease Control and Prevention) suggest that leptospiral antigens may be processed and presented for immune recognition on class II human leukocyte antigen (HLA) molecules.
Assuming HLA or TNF-a play a role in the host response to leptospirosis, population variants (polymorphisms) in these genes may result in significant differences in that response. Genetic studies suggest that HLA and TNFa polymorphisms alter susceptibility to or outcomes from other infectious diseases. 13, 14 Furthermore, HLA alleles have been associated with chronic complications from Lyme disease, 15 another spirochete-associated illness. However, until now the relationship of host genetic polymorphisms to leptospirosis, had not been examined.
On 21 June 1998, an outbreak of leptospirosis occurred among 887 triathletes who swam in a lake in Springfield, Illinois. The subsequent outbreak investigation identified 98 persons with symptoms fitting a clinical case definition for leptospirosis. Leptospirosis was confirmed serologically in 52 persons and L. kirshneri was isolated from the urine of one triathlete whose illness met the case definition. 16, 17 In a case-control study performed during the outbreak investigation, multivariate analysis identified swallowing one or more mouthfuls of lake-water during the swim portion of the race as the only factor associated with an increased risk of developing clinical or laboratory-confirmed leptospirosis (OR ¼ 2.0, P ¼ 0.02). 16 Although previous studies have associated exposure to leptospire-contaminated water with increased risk of disease, [18] [19] [20] [21] [22] [23] the 1998 leptospirosis outbreak involved a large cohort of people simultaneously exposed to leptospire-contaminated water. Since these triathletes were of relatively uniform demographic and ethnic background, this outbreak provided a unique opportunity to investigate the association of specific host factors with risk for leptospirosis. Furthermore, since an environmental risk factor for leptospirosis (swallowed water) was identified in this outbreak, we also had a rare opportunity to evaluate potential gene-environment interactions for this disease. While gene-environment interactions for noninfectious diseases have been reported (such as the interaction that genetic polymorphisms and smoking have on risk for breast cancer); 24 geneenvironment interactions for infectious diseases, while inferred, have not previously been documented. We used anonymous specimen remainders from the 1998 outbreak to evaluate population frequencies of polymorphisms in TNF-a, HLA-DRB and HLA-DQB genes among this cohort of triathlon participants. From these data we assess the relationship of these host factors and geneenvironment interactions with susceptibility to leptospirosis. Our data suggest that HLA-DQ6 positive race participants who ingested leptospire-contaminated water were at increased risk for laboratory-confirmed leptospirosis. While HLA associations have been described for susceptibility to other infectious diseases, this is the first study to describe an HLA-leptospirosis association.
Results and discussion
During the 1998 outbreak investigation after the Springfield triathlon, whole blood specimens were received from 94 of 887 (11%) triathletes. Among this 94-person cohort, the median age was 35 years (range 16-68 years) with 74% male compared to the median age of 35 years (range 16-80 years) with 79% male in the cohort of all triathlon participants. Persons of Caucasian race constituted 96% of the genetic testing cohort compared to 92% of all race participants.
Of the 94 whole blood specimen-remainders, nine (9.6%) with equivocal leptospiral serology (defined by discordant ELISA and MAT results) were dropped from further analysis. Of the remaining 85, 41 met the clinical case-definition, 27 of which were laboratory-confirmed; and the other 44 were designated as controls. No cases of asymptomatic seroconversion were identified.
Analysis during the outbreak investigation demonstrated that swallowing water was significantly associated with seropositivity among the full race cohort; 16 however, in our study, there was no difference in the proportion reporting a history of swallowing water among laboratory-confirmed cases (18/27, 67%) and controls (30/44, 68%) . Table 1 shows the distribution of TNF-a À308 promoter alleles and HLA-DR genotypes. Most study subjects were homozygous TNF1 or heterozygous at this site; two individuals were TNF2 homozygous (Datasheets A and D, see Supplementary Information). In all, 13 HLA-DR genotypes 1, 3, 4, [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] were identified within this cohort; the HLA-DR genotype was unambiguous for all 85 specimens. Bivariate analysis of laboratory-confirmed cases showed no TNF-a polymorphism or HLA-DR genotype significantly associated with case-status (Data-sheets A and D, see Supplementary Information).
Five HLA-DQ genotypes were identified among laboratory-confirmed cases (Table 1) . For 82 (96%) triathletes tested, HLA-DQB1 testing results were unambiguous; three specimens had results consistent with DQ3/DQ3 or DQ3/DQ4 genotypes. For Table 1 and the subsequent association analysis, these ambiguous specimens were categorized as DQ3/DQ3; however, alternate genotype categorizations for these specimens did not change the final association results. A total of 36 persons were HLA-DQ6 positive; since the HLA typing method could not discriminate closely related alleles, six DQ6 alleles or allele groups were identified: 06011 or 06013 (5%), 0602 or 0611 (49%), 0603 or 0614 (22%), 0604 (15%), 06051 (7%) and 0609 (2%).
On bivariate analysis, persons with a DQ6 genotype were collectively more likely to have laboratory-confirmed leptospirosis (OR ¼ 2.8, P ¼ 0.04, Table 1 ). No specific HLA-DQ6 allele or subset of alleles was statistically associated with seropositivity. DQ6 was not associated with increased severity of illness (Data-sheets A and D, see Supplementary Information); however, this study was likely underpowered to detect an association.
To evaluate overall gene-environment interaction, we performed a stratified analysis of HLA-DQ6, swallowing water and seropositivity. Table 2a shows a breakdown of exposures (DQ6 and swallowing water) versus outcome (seropositive versus seronegative), with calculated oddsratios (identified as A through C in the final column of Table 2a ) for frequency at each exposure level (DQ6 only, swallowing water only, both DQ6 and swallowing water) compared to baseline (no DQ6 or swallowing water). The Synergy Index (SI) was 26.3 (calculated as A/(B Â C) from Table 2a) ; 25 if interaction is not present, SI ¼ 1. Table 2b shows the stratum-specific odds-ratios calculated from data presented in Table 2a (the full stratified analysis is presented in Data-sheets B and D, see Supplementary Information). After stratifying by exposure to contaminated water, persons who swallowed water and were DQ6 positive were more likely to be laboratory-confirmed cases than those who were DQ6 negative (OR 8.46, P ¼ 0.001; after Bonferroni correction for n ¼ 5 HLA-DQ serogroups, P ¼ 0.005). This result adds independent support to the conclusion of the 1998 outbreak investigation that infection was likely mediated through ingested water. 16 We also conducted a similar analysis evaluating the relationship of HLA-DQ6 genotype to clinical case-status stratified by swallowing water. For this, we limited the cohort to individuals who had concordant clinical and serological status, excluding 14 persons who met the clinical case definition but were seronegative. Persons who swallowed water and were DQ6 positive were more likely to meet the clinical case-definition than those who were DQ6 negative (OR 9.6, Po0.001; Data-Sheet B and D, see Supplementary Information). A multivariable analysis was performed to assess the relationship of sero-status to all exposures (HLA-DR, DQ and TNF-a genotypes and exposure to swallowed water) including interaction terms. This also confirmed the highly significant geneenvironment interaction described above (Po0.001). No other genotypes were significant in the multivariable analysis (Data sheets C and D, see Supplementary Information).
Gene-environment interactions affecting disease risk have been previously described for noninfectious diseases: TGF-a polymorphisms and cigarette smoke exposure have been linked to increased risk of cleftpalate; 27, 28 cytochrome P-450 polymorphisms and smoking or dietary factors to gastric and esophageal cancer; 29 During the 1998 outbreak investigation, whole blood, urine and paired serum specimens were requested from all triathlon participants; antileptospiral IgM and IgG on paired sera was performed for definitive diagnosis while blood and urine were cultured for leptospires. 16 Whole blood specimens were accepted from any triathlete, but blood samples were emphasized for persons with symptomatic illness; remainders of whole blood specimens were frozen at -701C. For this study, specimens and limited exposure and outcome data were stripped of linkage to all personal identifiers. The study was determined to be exempt from Investigational Review Board review. For this study, a clinical case was defined as a Springfield Ironhorse triathlon participant symptomatic between 21 June and 31 July 1998 with 42 of the following: headache, chills, myalgias, diarrhea, red eyes or eye pain. Triathlon participants with positive microscopic agglutination test (MAT) 1 and positive IgM antileptospiral enzyme linked immunosorbant assay (ELISA; PanBio Inc., Brisbane, Australia) were defined as having laboratory-confirmed leptospirosis. Negative serology was defined as having negative MAT and ELISA. Cases with discordant MAT and ELISA results (one positive with the other negative) were called indeterminate and dropped from further analysis. Specimens from athletes not meeting the case-defining criteria were designated as controls. Genomic DNA was extracted from frozen whole blood using commercial kits following the manufacturer's recommendations (QiaAMP extraction kits, Qiagen Inc., Valencia, CA, USA). Technicians performing genetic testing were blind to serology or environmental exposure status. The TNF-a À308 polymorphism was assessed using published PCR protocols. 26 Due to the high level of polymorphism in the HLA-DRB and HLA-DQB genes and limited sample size for this study, we chose to only evaluate these HLA loci. HLA-DRB1 and HLA-DQB1 alleles were determined by reverse dot blot hybridization (INNO-LiPA HLA-DRB1 and DQB1 Typing System, Abbott Laboratories Inc., St Louis, MO, USA). The HLA typing method did not fully identify all polymorphisms to the allele level; hybridization results can be consistent with several possible allele combinations. For this reason, and because the study sample size had insufficient power to examine associations at the allele level, the principal HLA association analysis was with HLA-DR alleles combined into genotypes based on the 13 respective DRallele serogroups (HLA-DR1, 3, 4, and 7-16) and HLA-DQB1 alleles combined into genotypes based on the five respective DQ-allele serogroups (HLA-DQ2-6). Specimens were assigned to a genotype if one or both HLA alleles were in the respective serogroup. and an N-acetylation phenotype and smoking to breast cancer. 24 Furthermore, women with TNF-a-11 exposed to human papillomavirus are predisposed to developing cervical cancer. 30 However, we are not aware of previous reports of gene-environment interactions affecting susceptibility to an infectious disease.
HLA alleles have been associated with susceptibility to other infectious pathogens 13, 14 including P. malariae, 31, 32 M. tuberculosis [33] [34] [35] and HIV. [36] [37] [38] [39] [40] [41] These associations are often attributed to changes in T-cell response caused by modified interaction between the variant HLA allele and antigenic peptides. For example, altered HLA-peptide interaction has been proposed to explain the association of HLA-DRB1*0401 with chronic rheumatological sequelae (but not susceptibility to infection) caused by another spirochete, B. burgdorferi. 42 Assuming that individual HLA-DQ6 alleles were not associated with seropositivity, we hypothesized that the valine (Val 57 )/aspartic acid (Asp 57 ) polymorphism at position 57 of the HLA-DQ b chain, known to influence HLA-peptide binding, 43 could influence susceptibility to leptospirosis among DQ6 positive persons. The HLA-DQ6 position-57 residue was unambiguous for all 36 HLA-DQ6 positive triathletes.
In total, 29 persons had one or two Asp 57 HLA-DQ6 alleles while eight had one or two Val 57 alleles; one athlete was heterozygous Asp 57 /Val 57 . Rates of seropositivity were not statistically different for persons who had one or two Asp 57 DQ6 alleles compared to those who had one or two Val 57 DQ6 allele even after stratifying for the environmental exposure swallowing of water. This indicates that groups of HLA-DQ6 genotypes presumed to have distinct peptide-binding characteristics did not differ in their association with seropositivity suggesting that the association between HLA-DQ6 genotype and leptospirosis is not due to altered presentation of peptides by a specific HLA-DQ6 allele. These findings may be explained with an alternative model in which one or more leptospiral proteins act as superantigen toxins. Superantigens bind HLA molecules outside the peptide-binding groove and interact with more conserved parts of the T-cell receptor. 44 This type of 'noncannonical' interaction results in activation and expansion of a larger population of T-cells utilizing a broad range of V b peptide chains than would typically occur after antigen-presentation within the peptide-binding groove. Referent defined as DQ6 negative and no history of swallowing water; letters in parentheses used for calculating Synergy Index. 25 Environmental exposure to lake-water was dichotomized: triathletes had a history of swallowing water if they recalled ingesting 41 mouthfuls of lake water during the race. Clinical, serology, hospitalization and exposure (swallowing water) data were obtained from the outbreak investigation database. 16 A history of hospitalization was present in only 13 persons in this cohort, so this variable was not included in the primary analysis. Genetic test results were entered electronically into Excel for Windows, v6.0 (Microsoft Inc., Redmond, WA, USA); SAS 8.0 (SAS Inc., Cary, NC, USA) was used to integrate genetic, outcome and exposure data and to perform association analysis. Bivariate analysis was performed to assess if presence of the TNF-a A or G allele, one or more HLA-DR/DQ alleles or HLA-DR/DQ genotypes were associated with laboratory-confirmed leptospirsosis. A Mantel-Haensel w 2 test for trend was also performed to assess association of 0, 1 or 2 copies of TNF-a alleles or alleles in HLA-DRB1/DQB1 genotypes with leptospirosis serology outcome. Significance (a o0.05) for univariate comparisons was assessed using Fischer Exact P-values; Bonferroni correction for multiple allele comparisons was performed where indicated. Stratified analysis and multivariable analysis were performed to assess associations between environmental exposure (swallowing water), genetic test results (presence of one or more copies of specific TNF-a alleles, HLA-DR/DQ alleles, or HLA-DR/DQ genotype) and gene-environment interaction in relation to serologic outcome. Both 3-locus (TNF-a alleles, HLA-DR/DQ) and 2-locus (HLA-DR+DQ) models were assessed. For these analyses we included only independent variables with P40.1 on bivariate testing (DR4, DR10, DQ3 and DQ6). Multivariable analysis was performed with PROC LOGISTIC in SAS; significance in the multivariable models was assessed with Wald P-values. The Synergy Index (SI), was defined as the factor by which the odds-ratio for both genetic and environmental exposure deviates from that expected in a multiplicative model involving independent genetic and environmental exposures. 25 (a) 2 Â 3 table showing oddsratios for serological evidence of disease (serostatus) given host and environmental risk exposures (DQ6 and swallowing water). Odds-ratios relative to baseline: DQ6 negative, swallowing water negative. The Synergy Index defined by A/(B Â C)was 26.32 (b) Stratum-specific oddsratio estimates for the exposures identified in (a). 2 Â 2 tables are constructed using cells identified as a through h in (a).
Such widespread T-cell activation has been demonstrated in other superantigen-mediated diseases such as staphylococcal and streptococcal toxic shock 45 and Kawasaki syndrome, 46 which often present with fever, rash, mucosal inflammation and multiorgan system dysfunction-classical clinical features of leptospirosis. Since superantigens bind HLA sequences conserved across many alleles within a serogroup, this model would also be consistent with an association between HLA-DQ6 and seropositivity that is not allele-specific. Recent studies suggest that HLA-DQ may mediate other superantigen diseases. In vitro 47 and molecular structure studies 48 of streptococcal superantigen (SPEA) indicate SPEA preferentially binds HLA-DQ over HLA-DR; furthermore, HLA-DQ versus HLA-DR transgenic mice have increased susceptibility to streptococcal infection. 49 Staphylococcal superantigen (SEB) also shows increased toxicity in transgenic mice expressing an HLA-DQ6 allele with human CD4. 50 Leptospiral superantigens have not yet been described. However, our model can be tested by evaluating cases of leptospirosis for the expanded T-cell receptor V bchain usage often seen during levels of superantigenmediated disease. Furthermore, elevated inflammatory cytokines have been noted for superantigen diseases. 51, 52 If confirmed through additional epidemiological and clinical studies, this model could have significant clinical implications: immunosuppressive therapy (high dose aspirin and intravenous immune globulin) is useful in treating Kawasaki syndrome and could be evaluated as treatment of severe leptospirosis.
For reasons of study design and sample size, our findings should be considered preliminary and should be confirmed through analysis of additional cohorts of people exposed to leptospires. Our cohort of laboratoryconfirmed cases (N ¼ 85) did not reproduce the association between swallowing water and laboratory-confirmed leptospirosis, which was identified during the outbreak investigation of the full cohort of race participants (N ¼ 887). 16 This discrepancy is likely due to the overall lower power of the genetic study compared to that of the outbreak investigation. However, it is notable that the association we found for the gene-environment interaction and laboratory-confirmed disease was statistically significant even after correcting for the multiple comparisons of HLA serogroups. Confirmation of our findings could have future public health implications if genetic markers could be used to identify populations at high risk for leptospirosis (such as people involved in water-related employment in leptospire-endemic areas) who might benefit from preventive interventions (eg use of prophylactic antibiotics or a future antileptospiral vaccine).
This investigation underscores that infectious disease outbreaks arise from an interaction of host, pathogen and environmental factors. Such outbreaks represent unique opportunities to simultaneously evaluate all these factors to generate hypotheses to explain differences in host susceptibility to and outcomes from infectious diseases. Host-factor studies can be best integrated into outbreak investigations only with significant advance planning, particularly in developing protocols and consent forms; however, the resulting data can be invaluable in developing our understanding of host, pathogen and environment interactions affecting human disease.
